Differential cross sections and photon-beam asymmetries for the γp → π − ∆ ++ (1232) reaction have been measured for 0.7< cos θ c.m. π <1 and Eγ=1.5-2.95 GeV at SPring-8/LEPS. The firstever high statistics cross-section data are obtained in this kinematical region, and the asymmetry data for 1.5<Eγ (GeV)<2.8 are obtained for the first time. This reaction has a unique feature for studying the production mechanisms of a pure uū quark pair in the final state from the proton. Although there is no distinct peak structure in the cross sections, a non-negligible excess over the theoretical predictions is observed at Eγ=1.5-1.8 GeV. The asymmetries are found to be negative in most of the present kinematical regions, suggesting the dominance of π exchange in the t channel. The negative asymmetries at forward meson production angles are different from the asymmetries previously measured for the photoproduction reactions producing a dd or an ss quark pair in the final state. Advanced theoretical models introducing nucleon resonances and additional unnatural-parity exchanges are needed to reproduce the present data.
PACS numbers: 13.60.Le,14.20Gk,14.40Be,14.70.Bh, 25.20Lj The photoproduction of a dd quark pair and an ss quark pair in the final state has been extensively studied by the γp → π + n [1] [2] [3] and γp → K + Λ and K + Σ 0 [4] [5] [6] [7] [8] [9] [10] [11] reactions, respectively. However, the production of a uū quark pair in the final state has not been well studied. Although the production of a π 0 meson, with a quark-model wavefunction of (uū − dd)/ √ 2, or η meson, with a wavefunction of (uū+dd+ss)/ √ 3, includes the uū quark-pair production, an exclusive study of a pure uū quark-pair production is desired. The γp → π − ∆ ++ reaction is a unique channel to study the photoproduction mechanism of a pure uū quark pair in the final state from the proton.
In quark models, there exist more nucleon resonances than those experimentally observed so far [12] . Since nucleon resonances have relatively wide widths and are overlapping each other, rich physics observables with a wide angular and energy range are needed to study new resonances. The differential cross sections for the γp → π − ∆ ++ reaction were measured by SLAC at the higher energies of E γ =4, 5, 8, 11, and 16 GeV [13] [14] [15] . At medium energies, there are only scarce existing data taken by SLAC at 2.8 GeV [16] , by CEA for E γ =0.5-1.8 GeV [17] , by LAMP2 for E γ =2.4-4.8 GeV [18] , by DESY for E γ =0.3-5.8 GeV [19] , and by SAPHIR for E γ =1.1-2.6 GeV [20] . Although the π − ∆ ++ final state is one of prospective channels to study new nucleon resonances [12] , cross-section data with a wide angular and energy range are missing in the world data set.
Basically, the photon-beam asymmetries are +1 for ρ exchange and are −1 for π exchange in the t channel in the case of the γp → π − ∆ ++ reaction, which is the same as the case of the γp → π + n reaction [21] . There were three asymmetry measurements at the forward π − angles of |t| <0.5 GeV 2 (0.8< cos θ c.m. π ) at 2.8 GeV, 4.7 GeV, and 16 GeV by SLAC [16, 22] , where t is the Mandelstam variable defined by t=(p π − p γ ) 2 . Although negative asymmetries are suggested by these measurements, the number of the data points is limited and the data have large statistical uncertainties. In contrast, pseudoscalar meson photoproduction of either a π + or a K + has positive asymmetries at the forward meson angles of 0.6< cos θ c.m.
π,K <1 when the total energy W is higher than the third nucleon resonance region W ∼1.7 GeV (E γ ∼1.1 GeV) [1, [3] [4] [5] [6] [7] [8] . The π − photoproduction data may well have a different reaction mechanism than that of other pseudoscalar mesons. Combining the π − ∆ ++ data with the established π + and K + photoproduction data is helpful to achieve a unified understanding of hadron photoproduction.
In this Letter, we present the first-ever high statistics differential cross-section and photon-beam asymmetry data for the γp → π − ∆ ++ reaction at the forward π − angles of 0.7< cos θ c.m. π <1. The data obtained over the energy range of E γ =1.5-2.95 GeV, covering most of the nucleon resonance region, enabled us to study both nucleon resonances and hadron photoproduction dynamics.
The experiment was carried out using the LEPS beam line [23] at the SPring-8 facility in Japan. The photon beam was produced by the laser backscattering technique using a deep-UV laser with a wavelength of 257 nm [24] . The energy range of tagged photons was from 1.5 to 2.96 GeV. The laser light was polarized linearly with a polarization degree of 98%. The polarization of tagged photons was 88% at 2.96 GeV and was 28% at 1.5 GeV [25] .
The photon beam was incident on a liquid hydrogen target (LH 2 ) with a length of 16 cm.
Charged particles emitted from the LH 2 target were detected at forward angles by using the LEPS spectrometer. The aerogel Cherenkov counter was not used, and electrons or positrons were vetoed using a plastic scintillation counter installed at the downstream position of the three drift chambers. For the details about the LEPS spectrometer, see Refs. [4, 23, 25] .
Events with a π − meson were identified from its mass within 3σ where σ is the momentum dependent mass resolution and was measured to be 60 and 110 MeV/c 2 for 1 and 2 GeV/c momentum pions, respectively. The events from the LH 2 target were selected by a cut on the zvertex distribution. Contamination events from the start counter, placed downstream of the target, were 0.5% at most. Figure 1 shows the missing-mass spectra for the γp → π − X reaction. The ∆ ++ (1232) peaks are clearly observed at 1.23 GeV/c 2 . The contribution from electrons, mainly originating from the e + e − pair creation, is observed for 0.966< cos θ Missing-mass spectra for the γp → π − X reaction for Eγ=1.5-2.95 GeV. The thick solid curves (blue) are the results of the fits, and the thin solid curves (black) are the ∆ ++ contributions. The dotted curves (red) are the total contribution from backgrounds. The dashed (purple) and dotted-dashed (green) curves are the contributions from ρ/2π and 3π productions, respectively. The curve (light blue) indicated by the arrow is the contribution from the electron background.
The γp → π − ∆ ++ reaction events were selected by fitting a missing-mass spectrum with curves for the ∆ ++ peak, ρ, 2π, 3π productions, and electron background based on GEANT simulations. For the ρ-meson productions, the differential cross sections and decay angular distributions in Ref. [20] were assumed, and the multipion productions according to Lorentz-invariant Fermi phase space were performed for the 2π and 3π productions. The electron background events were generated to reproduce the momentum distributions of the real data. The number of adjustable parameters in the fit was 5 in total. No interference between the π − ∆ ++ and other reactions was assumed in this analysis using single π − events. The shape of the ∆ ++ (1232) was assumed to be given by a Jackson relativistic Breit-Wigner form [14, 26] ,
with
where m 0 = 1.232 GeV, Γ(m 0 ) = 0.117 GeV, a = 2.2, with q(q 0 ) being the c.m.-system momentum at masses m(m 0 ) in the ∆ ++ rest system. As a result of the fit, the ∆ ++ yield for the relativistic Breit-Wigner form (including the tail) was obtained for each incident photon energy and angular bin. The acceptance of the LEPS spectrometer for π − mesons was obtained by the GEANT simulations. The differential cross sections for the π − ∆ ++ reaction were obtained by using the same method described in Ref. [4] . The LEPS spectrometer has almost the same acceptance for the π − and π + mesons, and the cross sections for the γp → π + n reaction [1] obtained from the same data set agree well with the data obtained by CLAS [2] and DESY [27] . <1. There is no distinct peak structure in the cross sections. The cross sections increase rapidly when the π − angle becomes smaller. A strong forward peaking of the cross sections is observed. Similar strong forward peaking at |t| <0.2 GeV 2 was reported for E γ =5, 8, 11, and 16 GeV by SLAC [14] . The momentum transfer of |t| <0.2 GeV 
<1.
The LEPS cross sections for the π − ∆ ++ reaction are in good agreement with the cross sections measured by DESY [19] and SLAC [16] overall. The LEPS cross sections also agree well with those measured by LAMP2 [18] <0.966. Since the π − ∆ ++ reaction has strong forward-peaking cross sections, small differences in the π − angular regions between the SAPHIR and present data might cause these disagreements.
Theoretical calculations, employing the tree-level Regge-Born interpolation model without nucleon resonance contributions by S. i. Nam [28] , almost reproduce the present cross sections. Although the cutoff mass parameter was optimized from 450 MeV to 500 MeV to fit [20] , DESY [19] , LAMP2 [18] , and SLAC [16] , respectively. Since the data obtained by the other groups had the form dσ/dt, they were transformed to the form dσ/d cos θ c.m. π for the comparison. The hatched histograms are the systematic uncertainties due to the selection of the ∆ ++ shape. The solid curves are the results of theoretical calculations by S. i. Nam [28] .
the data, the energy dependence of the cross sections for 0.9< cos θ c.m. π <1 and E γ =1.5-1.8 GeV was not reproduced. One of the possible explanations for this discrepancy can be attributed to the absence of resonance contributions in the theory. For instance, N * (1900, 3/2 + ), which strongly couples to π∆, could be responsible for describing a bump observed in the cross section data. Since the s-channel structures observed in the SAPHIR total cross sections [20] seem to continue up to E γ ∼2 GeV, the excess in the present cross sections might be the tail of s-channel structures.
In this analysis, the relativistic Breit-Wigner form in Eq. (1) used by SLAC [14] was employed. Another analysis with a different relativistic Breit-Wigner shape used by DESY [19] gave smaller cross sections than the present cross sections. The differences between the cross sections obtained by the two Breit-Wigner forms are 10% on average and are shown in Fig. 2 as the largest systematic uncertainties. Since both of the relativistic BreitWigner shapes originated from the shapes studied by Jackson [26] , the differences in shape are not so large. New analyses using different shapes for the ρ, 2π, and 3π production events generated by the simulations with different momentum and angular distributions were per-formed. The differences between the original and new cross sections were smaller than 10% for most of the data points. Systematic uncertainties of target thickness and photon flux are 1% and 3%, respectively.
The γp → π − ∆ ++ reaction data were measured using vertically and horizontally polarized photons. The photon-beam asymmetry Σ is given as
where N V and N H are the π − ∆ ++ yields with vertically and horizontally polarized photons, respectively, after correcting for the difference of photon flux in both polarizations. P γ is the polarization of the photons and φ π is the π − azimuthal angle. The π − ∆ ++ yield is obtained by fitting a missing-mass spectrum for each φ π , cos θ c.m. π
, and E γ region. Figure 3 shows the ratio Since the LEPS spectrometer has a wide acceptance for the horizontal direction and a narrow acceptance for the vertical direction, the number of events is small at around φ π =±90
• for 0.7< cos θ c.m. π
<0.9. The ratio (N
• and is small at 0
• and 180
• . The π − mesons prefer to scatter at φ π angles parallel to the polarization plane. The photon-beam asymmetries are therefore negative. Figure 4 shows the photon-beam asymmetries for the γp → π − ∆ ++ reaction. The systematic uncertainty of the laser polarization is δΣ=0.02. The effect of the electron contamination in the π − sample is removed and that of the start counter contamination in the LH 2 target selection is negligibly small. The limited number of bins for the π − azimuthal angle in Fig. 3 reduces absolute asymmetry values by 7% on average. The asymmetries obtained using a different relativistic Breit-Wigner shape [19] agree with the present asymmetries. The differences between the two asymmetries are δΣ=0.07 on average and are shown in Fig. 4 as the largest systematic uncertainties. New analyses using different shapes for the ρ, 2π, and 3π production events generated by the simulations with different momentum and angular distributions were performed. The differences between the original and new asymmetries were smaller than the statistical errors. For the confirmation of the correctness of the asymmetries, the sideband subtraction analysis using the sideband events of the ∆ ++ peak was performed, and the result of this analysis well reproduced the asymmetries in Fig. 4 . The asymmetries are found to be negative in most of the LEPS kinematical region, which may be explained by π-meson exchange in the t channel. The same interpretation is obtained from the strong forward peaking of the cross sections observed in Fig 2. We have observed positive asymmetries at forward pseudoscalar meson angles in mostproductions in the final state from the proton, such as a dd production with γp → π + n [1, 3] and an ss production with γp → K + Λ and K + Σ 0 [4] [5] [6] [7] [8] . In addition, the photoproduction reactions of neutral pseudoscalar mesons, such as γp → π 0 p [3, 29] and ηp [30, 31] , also have positive asymmetries at forward meson production angles. It is quite interesting that only pure uū production in the final state has negative asymmetries. Since preliminary results of the γp → π + ∆ 0 reaction show positive asymmetries [32] , the production of the spin-parity 3/2 + baryon does not necessarily cause the negative asymmetries. SLAC measured three asymmetries at E γ =2.8 GeV [16] . The agreement between the LEPS and SLAC data is reasonable for 0.9< cos θ Since the asymmetry calculated in Ref. [28] has an opposite definition, it is corrected to meet the present definition in Eq. (3). Theoretical calculations by S. i. Nam [28] almost reproduce the negative asymmetry data for 0.933< cos θ c.m. π <1. As the π angle becomes larger, the calculations predict small positive asymmetries since the π-exchange contribution becomes small. The inconsistency between the data and the calculations becomes large for 0.7< cos θ c.m. π <0.9. This inconsistency is inferred to be due to the possible existence of a small but finite additional unnatural-parity exchange contribution not taken into account in the theory calculations. Smaller absolute asymmetry values at E γ =1.5-1.7 GeV and 0.9< cos θ c.m. π <1 might be caused by the bump observed in the cross sections (Fig. 2) .
In summary, we have carried out a photoproduction experiment observing the γp → π − ∆ ++ reaction by using linearly polarized tagged photons with energies from 1.5 to 2.95 GeV. Differential cross sections and photon-beam asymmetries have been measured for 0.7< cos θ c.m. π
<1.
There is no distinct peak structure in the cross sections. However, a non-negligible excess of the cross sections, possibly due to the tail of nucleon or ∆ resonances, over the theoretical predictions is observed at E γ =1.5-1.8 GeV. Strong forward-peaking cross sections, expected from π exchange in the t channel, are observed. The asymmetries for the π − ∆ ++ reaction are found to be negative in most of the present kinematical regions, which suggests that the π exchange in the t channel is dominant. The negative asymmetries are unusual in the photoproduction reactions from the proton studied in the past [1, [3] [4] [5] [6] [7] [8] . Analogous results were obtained in the measurements of the single-spin asymmetries for the pp or ep reactions [33] , where inclusive π − production has negative asymmetries while inclusive π + and K + productions have positive asymmetries. The π − production is inferred to have a different reaction mechanism from the π + and K + productions. The γp → π − ∆ ++ reaction data provide a unique chance for studying the uū quark pair production. The combination of these data with the established data for the dd and ss quark pair productions is helpful to achieve unified understanding of the hadron photoproduction.
